During the conformal radiotherapy, the multileaf collimator is usually used to block radiation to avoid the radiation in the normal tissue around the tumor for precise irradiation in target areas. However, there are several shortcomings in the ability of rapidity and anti-interference of precise leaf control in terms of the traditional controllers of leaf position for multileaf collimator. To ensure the rapidity of leaf position in place for short treatment time, a design method of controller of leaf position for multileaf collimator has been proposed, which can keep the leaves in place with short time as well as high accuracy. First, the motor that drives the leaf movement of multileaf collimator was taken as the controlled object, and the corresponding motor model was established. Second, the design method of the fractional order anti-windup controller of leaf position was proposed according to the controlled object. Finally, using quantum-behaved particle swarm optimization (QPSO) to ensure the accuracy of leaf position for multileaf collimator in place, the parameters of the controller of leaf position for multileaf collimator were optimized. The simulation results show that the rising and settling time of the output response of the leaf drive unit is 1.31s in the controller of leaf position for multileaf collimator using the proposed design method, which is better than the 6.4s in the proportional integral differential (PID) algorithm based on the particle swarm optimization (PSO) and the 12.55s in the fuzzy PID algorithm respectively. While the parameter tuning of the controller of leaf position for multileaf collimator is performed by the QPSO algorithm, the required iteration number is less. In addition, after adding the interference, the proposed controller can make the system recover to the much more stable operation state with a stronger ability of anti-interference. The proposed method provides great reference value for the research on the precise leaf position of multileaf collimator and the cooperation control strategy in the later stage.
Introduction
With the further development of radiotherapy technology in China, the research on the improvement of radiotherapy equipment has also been greatly developed, and the accurate target positioning and the dose correction are of critical importance [1] . The main purpose of developing the multileaf collimator is to achieve conformal radiotherapy, which accurately illuminates the lesion target [2] . The radiotherapy system addresses the following main problems: medical image segmentation, medical volume data structure based on body tissue contour, three-dimensional surface reconstruction algorithm based on medical volume data, three-dimensional dose calculation model, and the system control of multileaf collimator [3] . The multileaf collimator is controlled to enable the leaf to reach the predetermined position accurately, improve the dose accuracy at each point within the control irradiation field, and reduce the complications of surrounding normal tissue, and effectively improve the gain ratio of treatment in the radiation therapy. Therefore, during the radiotherapy process, the movement of each leaf for multileaf collimator and the position accuracy of the leaves are precisely controlled. To control the multileaf collimator regardless of the method adopted, three elements must be considered: the leaf drive unit, the real-time monitoring of leaf position, and the control logic of leaf movement. The leaf drive unit of electric multileaf collimator includes two types of motors, namely digital or analog ones. The measure of monitoring leaf position involves the use of mechanical limit switches, optical imaging systems, and linear encoders. The control logic of leaf involves the determination of leaf speed and the leaf position in consideration of the dose compensation. For multileaf collimator, the choice of leaf drive unit [4] and the design of the controller of drive unit are the first problems affecting the precise leaves in place. In addition, the design of drive unit controller needs to consider the rapidity of leaf in place to shorten treatment time [5] , [6] and the ability of antiinterference to avoid friction and collision between the leaves [7] , which affect the accuracy of leaf position in place. The parameters tuning of the controller of leaf position determines the accuracy of leaf position in place, which directly affects the treatment effect. It should be urgently addressed to implement the precise control of leaf position for multileaf collimator. Therefore, the research on the control accuracy of leaf position has some practical significance.
State of the art
The leaf of multileaf collimator is a mechanical part that has strict requirements for acceleration, speed, and position. If the acceleration, speed, and position of the leaf were controlled precisely, that can achieve the goal of the treatment plan. In the case of the shortest treatment time, the selection of the leaf drive unit and the design of the drive unit of the leaf position controller are essential to achieve the maximum gain ratio of the radiation therapy treatment. Domestic and foreign scholars have conducted substantial research on the multileaf collimator leaf drive unit selection problem. Yao used a miniature stepper motor for the leaf drive unit [8] , but in practical applications, if the acceleration and speed of the drive unit are high, the stepper motor is easily out of step-by-step control itself, thereby destroying the conformal treatment effect. Yun used permanent magnet servo motor to drive the motion of the multileaf collimator leaf [9] . DC servomotors have very good speed performance and fast dynamic response, that can be quickly and accurately controlled with speed-position sensors. However, with the passage of time, micropermanent magnet DC servomotors show a fatal weakness as DC motors due to the high current (relative to the micromotor) and high-speed frequent variable speed operation that cause the motor mechanical commutation and brush to produce serious sparks and serious contact surface wear, which result in frequent malfunctions that require continuous repair and replacement. Thus, the use of a new type of drive actuator instead of a miniature permanent magnet DC servomotor and stepper motor is imperative. The brushless DC motor with electronic devices instead of the mechanical brush with speed-position sensors can achieve fast and precise control [10] . Zaferullah designed a double closed-loop controller of the drive unit for the leaf of multileaf collimator based on the field-programmable gate array (FPGA) [11] , but Zaferullah did not mention which controller was used for each closedloop system. Jia-li designed the proportional integral differential (PID) closed-loop controller to realize the precise control of the leaf movement displacement and speed for multileaf collimator based on C8051F023 and NJM3771D2 [12] , but the author did not address the tuning of the parameters of the PID controller. PID control has a long history in the industrial control development process [13] , and now PID controller is still widely used in industry control realm. The parameter selection and tuning of PID controller play crucial roles in the control effect. Xin used the weighted particle swarm optimization (PSO) algorithm to tune the parameters of the PID controller to ensure that the precision of the multileaf collimator leaf satisfies the radiotherapy requirements [10] . However, the fitness value of the PSO generated by the algorithm does not satisfy the requirement as shown in the experimental results. The method easily becomes premature and does not obtain the global optimal solution. The windup phenomenon still occurs, due to the existence of the integral part [14] . Therefore, a brushless DC motor is used as the driving unit of the multileaf collimator in this study, and the fractional order anti-windup controller is designed based on the fractional order control theory [15] , [16] , considering the phenomenon of integral saturation in the actual control process. The controller ensures the rapidity of the leaf in place and its anti-interference capability. To address the difficulty in controller parameter optimization, quantumbehaved particle swarm optimization (QPSO), which is highly versatile method, is used to optimize the parameters of the designed controller. The remainder of this study is organized as follows. Section 3 described the working principle of the multileaf collimator and establishes the model of the drive unit. The leaf position of the fractional order anti-windup controller was designed for multileaf collimator. Section 4, in the same range of parameters, presented the verification of the designed controller using experiments and the comparison with other methods. The conclusions were summarized in Section 5.
Methodology

Control system model of multileaf collimator
The multileaf collimator is mainly composed of leaves, which are arranged in pairs. In the radiation therapy system, the positions of the multileaf collimator leaves are determined based on the shape of the tumor. The shape of the rays that pass through the multileaf collimator is similar to the projection on the irradiated surface of the tumor. The diagram of the working principle of multileaf collimator is shown in Fig. 1 and Fig. 2 . In practical applications, each leaf is driven by a microelectric motor, and the rotational movement of the motor is converted to a linear motion of the leaf through a screw rod. Each leaf has a set of independent controller. The electric motor used in this system includes stepping motor, DC servomotor, and brushless DC motor. The brushless DC motor (BLDC motor) is widely used in the multileaf collimator control system and has many unique advantages. The electrical connection diagram of the multileaf collimator drive unit is shown in Fig. 3 . The structure diagram of the close-loop leaves position control system is shown in Fig. 4 .
To ensure the accuracy of the leaves in place, the following methods are used: (1) accurate speed control of the drive motor, acceleration, and number of turns or number of steps to achieve the accuracy of leaves position control (this requires the use of encoders to detect the operating status of the motor); and (2) direct detection of the position of the leaves [17] and identification the next running requirements of the motor (commonly used methods in twodimensional ionization chamber matrix to verify the multileaf collimator leaves position precision). Substantial study on motor control has been conducted. The BLDC motor can be controlled precisely through the drive file of multileaf collimator that is generated by the radiation treatment planning system and contains the location information for each leaf. The characteristic equations of the BLDC motor can be represented as follows [18] :
where app v is the applied voltage, ( ) t ω is the motor speed, L is the inductance of the stator, ( ) i t is the current of the circuit, R is the resistance of the stator, emf v is the back electromotive force, T is the torque of the motor, D is the viscous coefficient, J is the moment of inertia, t K is the motor torque constant and b K is the back electromotive force constant. From the characteristic equations of the BLDC motor, the transfer function of the speed model is obtained using Eq. (5):
The parameters of the motor used for simulation are as follows:
R is the resistance of the stator: 1.26Ω ; t K is the motor torque constant: The parameters are substituted into Eq. (5) [19] . The idea originated from the social behavior of biology in nature, such as flocks of birds and schools of fish.
In the PSO algorithm [20] , [21] , each particle in a swarm represents a solution to the problem and is defined by its position and velocity. The mathematical description of the basic PSO is as follows.
Supposing the scale of the swarm is N , the position of particle i can be expressed as Eq. (6). 
The velocity of the particle is defined as the distance of the particle movement in each iteration and described as Eq. (7). 
The velocity of particle 
Finally, the particle can adjust its position according to Eq. (9):
where N is the number of particles in the group, d is the dimension, id v is the velocity of particle , 1 c and 2 c are the acceleration constants, () rand is a random number between 0 and 1, id x is the current position of particle i , id p is the best previous position of the th i particle, and gd p is the best particle among all the particles in the population.
Quantum-Behaved Particle Swarm Optimization
Quantum-behaved particle swarm optimization [22] , which is based on the delta potential well, considers that particles have quantum behavior. In the process of optimization, the particles move in the delta potential well that is centered on the best position p . In the delta potential well, the quantum potential can be described as . The probability density function of the particle in position y is
To calculate the fitness value of particles, Monte Carlo simulation is used to calculate the precise position of particles. Supposing s ∈ （0, 1/ L） is a random number,
The position equation of the particle can be obtained as follows:
, and mbest is defined as the average optimal position of all particles:
In the formula above, M is the number of particles, D is the dimension of the particle, and i P is the best P of the th i particles: Finally, the evolution equation of the QPSO algorithm is obtained as follows:
β is the contraction expansion coefficient:
where MAXITER is the maximum number of iterations and t is the current iterations number of particle.
Design of fractional order anti-windup controller based on QPSO 3.3.1 Design of fractional order anti-windup controller
This study combines the anti-windup [23] , [24] and fractional order PID to form the position controller of the multileaf collimator leaves. The state transition condition of the controller is realized by the judgment of the integral state q .
It is represented as Eq. (14), and the structure diagram of the fractional order anti-windup control system is shown in Fig. 5 . This controller is designed mainly for the following two components: the fractional order anti-windup controller for the object and the module of the QPSO algorithm.
According to the operating state of the system, the QPSO module can optimize the parameters of the fractional order anti-windup controller to satisfy the performance requirements, and the output of this module will provide the optimized parameter of the fractional order anti-windup controller. The most common performance criteria in fractional order anti-windup controller are described as follows:
(1) integration of time weight square error:
(2) the integral of time multiplied by the absolute error:
(3) integration of squared error:
(4) integration of absolute error:
was selected as the performance criteria of the fractional order anti-windup controller based on QPSO in this study.
Implementation of fractional order anti-windup controller based on QPSO
The implementation steps of the fractional order anti-windup controller parameter optimization based on QPSO are as follows:
Step 1: Generate initial population;
Step 2: Determine the fitness value of each particle using the performance criteria;
Step 3: Analyze the fitness value of each particle and update the global optimum position value;
Step 4: Update the velocity and position of the particle;
Step 5: If the maximum iteration number is reached or the performance criteria is satisfactory, the system obtains the optimal solution. Otherwise, the steps are repeated from step 2.
The specific method is as follows: (1) Initialize the number of the particle (population size). Population size affects the performance of the QPSO algorithm. The local optimal solution is easy to obtain if the population size is small. If the population size is too large, it is difficult and time-consuming to obtain and will increase the complexity of the algorithm exponentially. In this study, the population size is set to 50.
(2) Initialize the particle dimension. The particle dimension is determined by the optimized object. The output of the QPSO module are the three parameters of the fractional order anti-windup controller, namely, p K , i K , and the λ , and the τ of the particle dimension is set to 4. 
3.3.4
Fractional order anti-windup controller experimental platform The leaf position controller experiment platform is shown in Fig. 7 . The experimental system uses TI's motor control special digital signal processor TMS320F2812 as the control core. The power-driven module consists of a single-phase diode bridge rectifier, a large capacitance filter, and threephase two-level IGBT inverter components, and the incremental photoelectric encoder is used to detect motor speed. 
4．Result Analysis and Discussion
The design takes the step signal as the input signal to achieve the step response of the control system. Examples of fuzzy adaptive PID and PSO-PID controllers are provided to illustrate the effectiveness of the proposed design. The output response obtained by the leaf driving unit is shown in Fig. 8 . The best fitness values of the QPSO and PSO are shown in Fig. 9 .
Compared with the results obtained using the PSO and the fuzzy control method to optimize the parameters of the PID controller, the method adopted in this study has no overshoot when the two parameters have the same selection ranges ( p (0,1500) K ∈ and i (0,3) K ∈ ), as shown in Fig. 8 . However, the results obtained by the proposed method are superior to the results of the PSO-PID and the fuzzy-PID control methods based on the comparison of the two performance indices of the rising and stabilizing times. In the fifth iteration, the proposed method obtains the fitness value that satisfies the requirement according to the performance index evaluation function in Eq. (16) as shown in Fig. 9 . The optimal solution for the controller parameter is determined, and the number of iterations is small. The performance indexes of the system response results obtained by the three methods are shown in Table 1 . Table 1 shows that the proposed method allows the leaf to reach a predetermined position quickly, approximately 1.31s, thereby shortening the treatment time. To verify strong anti-interference ability of the proposed method, that can avoid the leaf position error caused by leaves collision. Given the step signal and the leaf drive unit stable operation (20s), the leaf drive unit increases the load simulation of the impact of leaves collision. The results of the three methods are shown in Fig. 10 .
After adding interference, the output has minimum fluctuations and no oscillation exists. The time required to return to the steady state is the shortest, and the antiinterference ability is stronger than the other two methods as shown in Fig. 10 .
Using the experimental platform shown in Fig. 7 , the other parameters in the experiment are set as follows. The PWM sampling period is Step-response curve of output with the three control strategies with interference 
Conclusions
To solve the problem of multileaf collimator, in which the leaf does not reach the predetermined position quickly, the research on the design method of the controller of leaf position for multileaf collimator was done. The brushless DC motor that drives the leaf movement was taken as the controlled object. Combined with fractional order control theory and anti-windup controller, a fractional order antiwindup controller of leaf position for multileaf collimator was designed. The parameters of the proposed controller were optimized by the intelligent optimization algorithm of QPSO. The final conclusions are as follows:
(1) The global optimal solution of controller parameters of leaf position can be obtained quickly using QPSO, which improves the ability of global search for particle swarms.
(2) The proposed fractional order anti-windup controller based on QPSO of leaf position for multileaf collimator enables the output response of the leaf drive unit to quickly reach the given value and completely satisfy the requirement of shortening the treatment time.
(3) The proposed method can quickly eliminate the leaf position error due to collision caused by leaves and enable the leaf drive unit to have the strong ability of antiinterference.
Based on the control theory and intelligent optimization algorithm, the fractional order anti-windup position controller has been designed for a single leaf of multileaf collimator. In addition, the proposed method is universal, which lays the foundation for the further research on the multileaf cooperation control for multileaf collimator. However, the digital implementation of the proposed method is relatively complex. The proposed method will be transplanted into FPGA in the future work.
